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Abstract 
Next to weight reduction and stiffness increase, increasing the cyclist’s comfort has become an additional aspect in 
the design process of racing bicycles. Several attempts have been made to increase the shock absorption and damping 
capacity of a racing bicycle, but for the designer it is difficult to estimate the effect on the riding quality of the bicycle 
and whether the comfort perception of the cyclist increases. This work proposes an experimental test setup for 
quantifying comfort during outdoor field testing including real time data acquisition and storage from 16 sensors. 
This data is analysed by means of the whole-body and hand-arm vibration method and the absorbed power method. 
The initial test results show that the absorbed power method seems to correlate best with the cyclist’s comfort. This 
method does not take acceleration data into account (as in the whole-body and hand-arm vibration method), but the 
combination of contact force and contact velocity is used for analysis. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
In the design process of a racing bicycle frame, most progress is made in obtaining a higher stiffness to 
weight ratio. Besides this, also the knowledge on the ergonomic comfort of the person on the bicycle has 
increased. Next to ergonomic comfort, there is also the vibrational comfort which describes how the 
cyclist, or more general the human being, perceives exposure to vibrations. The perception to vibrational 
comfort is written down in whole-body vibration standards, such as ISO2631-1:1997 [1] and BS6841 [2]. 
In these standards, comfort is related to the acceleration level at the contact points between man and 
machine near the feet, seat-surface and back. If hand-arm vibrations are of interest, then the ISO5349 
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standard [3] is of use.  These whole-body and hand-arm vibration standards use the same evaluation 
criteria, namely the higher the acceleration level, the less comfort the human encounters. Besides these 
standards, which are commonly used in automotive and other industries, Pradko, Lee and Kaluza [4] 
developed the absorbed power method. Here the vibration level is measured in terms of contact velocity 
and contact force. Multiplying both leads to absorbed power, which is the energy being dissipated in the 
human body due to vibration. Pradko et. al. [4] believed it might be a better measure of the physical stress 
on the body as it takes the interplay between the vibrating structure and the body into consideration.  
Vibration comfort and cycling are closely related since the bicycle is continuously subject to vibration 
excitation coming from the uneven road pavement. Bicycle designers have made several attempts to 
improve the cyclist’s comfort: some of them add rubber inserts into the frame, apply a frame material 
with a higher damping capacity, or implement flexible zones in the frame. All these attempts should lead 
to a better shock absorption capacity of the bicycle, which they most likely do, but it is difficult to 
quantify the benefits for the cyclist. As power loss of the cyclist is undesirable at professional level, a 
thorough study on the amount of vibrations the cyclist is subject to and how this relates to power loss and 
comfort perception is of interest for both bicycle designers and cyclists. 
2. Quantifying the cyclist’s comfort 
The cyclist makes contact with the bicycle at three locations: the handlebar, the saddle and the pedals. 
It is believed that most discomfort is felt near the handlebar and the saddle when riding over a rough 
surface (e.g. cobble stones). From this practical point of view, it is chosen to fully quantify the comfort 
level at the handlebar and the saddle. 
The first method for comfort evaluation being discussed is the whole-body and hand-arm vibration 
method. Accelerations at the seat can be evaluated with the ISO2631 or BS6841 standard whereas the 
ISO5349 standard is used for measurements at the handlebar. The human sensitivity to vibration depends 
on (i) the frequency, (ii) the direction of vibration, both translational and rotational and (iii) the posture of 
the human. Frequency weighting curves take all these aspects into account [1-3]. Since the bicycle 
dynamics are mainly focussed in plane of the bicycle, measurements at the contact points will be done at 
two orthogonal directions in plane of the bicycle. Acceleration data from experiments at these contact 
points are then evaluated for their amplitude level and frequency. 
The BS6841 is chosen over the ISO2631 in implementing the standard concerning correctness and 
clarity in methodology [5]. Different evaluation methods exist within the BS6841 method, which one to 
use depends on how the acceleration time signal looks like. First the crest factor, the ratio of the 
maximum to the Root Mean Square (RMS) value of the acceleration signal, should be determined. If 
higher than 6.0, the Vibration Dose Value (VDV) method is chosen over the RMS method because the 
former takes the influence of peaks more into account. Equations (1) and (2) depict how to calculate these 
evaluation criteria from acceleration measurements. 
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The same methodology of processing the vibration data is appropriate for the ISO5349 standard, only 
other weighting curves are applied [3]. 
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The second principle of quantifying vibration comfort is the absorbed power method. The average 
absorbed power (AAP) for the entire test duration ܶ  at one contact point in one single direction is 
calculated as followed: 
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The AAP method brings up the advantage of a scalar quantity which makes it possible to simply add 
up every contribution of every direction and of every contact point.  
3. Instrumentation of the bicycle and data acquisition 
The method of the ‘whole-body and hand-arm vibration’ only requires acceleration measurements at 
the contact points. Here, integrated electronic piezoelectric accelerometers with a 100mV/g sensitivity are 
used. The method of the absorbed power requires (i) the development of force gauges which can be 
mounted on the bicycle and (ii) a method to measure the velocity near the contact points. Both aspects are 
examined more closely in the sections below. 
Measuring force at both contact points is done with strain gauges placed in a full Wheatstone bridge 
configuration, as illustrated in Fig. 1. Each orthogonal force component requires a full Wheatstone bridge 
configuration. Two pair of strain gauges is mounted on a cantilever beam at a fixed distance b. Because of 
a different bending moment at position 1 and 2, the pair of strain gauges at position 1 measures a higher 
strain than the pair of strain gauges at position 2. The Wheatstone bridge configuration as shown at Fig. 1 
ensures that the output signal depends on the strain difference only. The output voltage ܸ ௘ܸ௫Τ  is function 
of the load magnitude F only and not of the position c of the load. This principle is of big interest when 
force is measured at the handlebar: even if the position of the hands changes along the handlebar under 
the same force, there is no effect on the output signal.  
Fig. 1. Measuring principle for force sensors at seat and handlebar  [5] 
The output signal from the Wheatstone bridge configuration at Fig. 1 is: 
ܸ
௘ܸ௫
ൌ
ܩܨ
ʹ ȉ ܹ ȉ ܧ
ܨ ȉ ܾ (4) 
which clearly shows that the output voltage is only dependent on the force F, the gauge factor GF, the 
section modulus of the beam W, the elasticity modulus of the beam E and the distance b between the two 
pair of strain gauges at one side of the beam. 
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3.1. Measuring forces at the handlebar 
A force measurement at the handlebar is necessary at both the left and right hand side which brings in 
total twice two pair of full bridge configurations or 16 strain gauges, as illustrated at Fig. 2. The clamping 
of the handlebar is realised by the stem which also decouples the left hand side of the steer from the right 
(Fig. 3). 
Fig. 2. Position of strain gauges at handlebar Fig. 3. Instrumented handlebar 
3.2. Measuring forces at the saddle 
Similar to the force measurement on the handlebar, the force at the saddle is measured in two 
orthogonal directions. A saddle insert is designed which fits between the saddle and the seat post. Fig. 4 
shows the C-shaped insert which allows measuring force in horizontal and vertical direction, combined 
with high strain sensitivity due to bending. Each side of the C-shaped part is equipped with a full 
Wheatstone bridge, the horizontal side measures the vertical force component while the standing side 
measures the horizontal component of the force. FE analysis verifies that the strain increases linearly with 
the force and also that vertical and horizontal force are perfectly decoupled (see Fig. 5 and Fig. 6). 
3.3. Measuring vibration velocity 
Besides the contact force, the contact velocity is also required for the absorbed power method. 
Velocity can only be obtained by integrating the acceleration signal from the accelerometers. However, 
integrating of acceleration signals inevitable gives a drifting velocity signal. The drift in the velocity 
signal due to the integration process is removed with a high-pass filter, but the inevitable phase shift due 
to signal filtering introduces a time delay between the integrated acceleration signal and the real velocity 
signal. This phase shift should be removed because it could lead to errors in the calculation of the 
absorbed power at which force and velocity time signals are multiplied. Through filtering the force signal 
Fig. 4. Insert below saddle, instrumented 
with strain gauges
Fig. 5.  FE analysis of saddle insert, 
bending stress due to vertical force F
Fig. 6.  FE analysis of saddle insert, 
bending stress due to horizontal force F
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with an IIR low-pass filter with a cut-off frequency of 350Hz and 81 steps, the force signal is on the same 
time base as the integrated acceleration signal.  
3.4. Data acquisition 
Acquiring all signals from the sensors on the bicycle is done through National Instruments (NI) DAQ 
modules and corresponding LabView software. Data is sampled at a 1651Hz sample rate which is the 
minimum sample rate of NI modules and data is transmitted to the laptop using a USB cable. Power 
supply for the chassis is foreseen by a 12VDC lead-acid battery with a 2.2Ah capacity. All previous items 
are placed in a rucksack, giving a weight of around 9.6kg. 
3.5. Calibration of sensors 
The force gauges at the saddle and the handlebar are assumed to produce an output voltage linear to 
the applied force. This relationship is determined in a calibration procedure at which a calibrated load in a 
tensile test machine is applied to the force gauge and the output voltage in mV/V is measured. 
Simultaneously measuring the output signal from both Wheatstone bridges confirms that the horizontal 
and the vertical force component are perfectly decoupled.  
The handlebar has not been tested in a tensile machine because placing the handlebar at the correct 
position in the tensile machine is difficult. However, a calibrated load is applied to the handlebar by 
means of weights, and output from all Wheatstone bridges is acquired. Again, the horizontal and vertical 
force components are decoupled as well the right and left hand side of the handlebar are not influenced by 
each other. 
4. Field testing 
To evaluate the proper working of the designed sensors and the data acquisition, a number of field tests 
are performed. The bicycle frame used for field testing is a Museeuw Flax 5 (MF5), a flax-carbon fibre 
reinforced composite bicycle frame. A tire pressure, which is common in cycling, of 9 bar is applied. The 
bicycle has a total mass of 11.0kg, instrumentation with acceleration and force sensors included. Two 
types of road pavement are used for comparison in comfort level, an asphalted road and a mild 
cobblestones road, each with a course of 180m and driven with a 30km/h speed. 
The cycling comfort is first evaluated with the whole-body and hand-arm vibration method. Riding a 
rough surface leads to a VDV value of 7.2ms-1.75 and 2.9ms-1.75 at the handlebar and at the saddle 
respectively. A VDV of 1.3ms-1.75 at the handlebar and 0.48ms-1.75 at the saddle is observed when riding 
an asphalted road. A clear finding here is that the VDV at the handlebar is more than doubled compared 
to the VDV at the saddle, which means that accelerations at the handlebar are perceived more severe for 
the cyclist. To further investigate this finding, the effect of the riding position on the measured comfort 
level is examined. Runs are performed (i) without holding the steer and (ii) without sitting on the saddle. 
Not holding the handlebar leads to an increase of 150% of the VDV at the handlebar, compared to a 
normal cycling position whereas the VDV at the saddle approximately remains the same as in a normal 
cycling position. The effect of increased acceleration becomes clearer if the saddle is not seated: 
compared to the VDV at the saddle in a normal cycling position, it is almost doubled. The VDV at the 
handlebar shows equal values as in a normal cycling position.  
To compare both methods, the measurement data from the same runs is also analysed with the 
absorbed power method. Riding a smooth pavement gives an average of 1.2W power loss whereas 
cycling at cobblestones yields an increased absorbed power of 21.4W. This value is the sum of 10.6W 
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AAP at the handlebar and 10.8W AAP at the saddle. The effect of the cyclist’s position on the bicycle is 
also examined as before. In a first test case at which the handlebar is clamped without sitting on the 
saddle, the AAP at the handlebar equals 14.4W whereas the AAP at the saddle is close to zero. This is a 
36% increase from the AAP at the handlebar, but a 30% decrease in total absorbed power, compared to a 
normal cycling position. The second test case evaluates the effect of releasing the handlebar. The AAP at 
the saddle increased with approximately 30% to 13W but gives more than 30% decrease totally, 
compared to a normal cycling condition.  
The results from the whole-body and hand-arm vibration are in contrast to what is intuitively expected. 
If a cyclist lifts himself out of the saddle to gain in comfort when riding a rough terrain, the whole-body 
vibration method indicates that comfort even gets worse. Also when cycling a cobblestone road, 
sometimes professional cyclists apply less force compared to normal circumstances for reduction of 
vibration exposure at their hands. Again, the hand-arm vibration gives a decrease in comfort, just the 
opposite as expected.  
The main advantage of the absorbed power method is that the subjective feeling of cycling a rough 
terrain, and the corresponding comfort-improving actions, is in agreement with the found AAP values. 
This method takes the effect of a changing position of the cyclist on his bicycle into account. However, 
the absorbed power method also has its shortcomings. During a normal cycling position, the VDV 
method yields that hand-arm vibrations have a more severe effect on the perception of comfort since the 
VDV at the handlebar is rated approximately 2.5 times higher than the VDV at the saddle. This effect is 
not found with the absorbed power method at which the absorbed power is equally spread over steer and 
seat. Although the VDV at the handlebar indicates much discomfort, it does not lead to excessive 
absorbed power values at the steer. So, the question can be asked whether or not weighting factors are 
necessary for the absorbed power at the hand-arm contact. 
5. Conclusions 
From the two comfort evaluation methods following out of literature study, the absorbed power 
method appears to be most adequate to evaluate comfort when cycling. Because it takes both contact 
force and velocity into account, this evaluation method can also handle comfort measurements at which 
the man-machine (cf. rider-bicycle) interface can change easily during the test. Results from the absorbed 
power method lean also close to techniques which cyclists use to improve their comfort, like there are (i) 
lifting themselves out of the saddle and (ii) not clamping the handlebar as hard as they would normally do 
when riding a rough road. During every test case, attention should be paid on how the rider is positioned 
on the bicycle, how he holds the handlebar and how he sits on the saddle. These initial tests have shown 
that the instrumentation of the bicycle is successful and future work can give more results on how comfort 
is related to e.g. tyre pressure, cycling position, bicycle frame material, frame geometry, road pavement, 
etc. and if any correlation with the subjective response of the cyclist can be found. 
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